Abstract: Garden asparagus (Asparagus officinalis L.) belongs to the monocot family Asparagaceae in the order Asparagales. Onion (Allium cepa L.) and Asparagus officinalis are 2 of the most economically important plants of the core Asparagales, a well supported monophyletic group within the Asparagales. Coding regions in onion have lower GC contents than the grasses. We compared the GC content of 3374 unique expressed sequence tags (ESTs) from A. officinalis with Lycoris longituba and onion (both members of the core Asparagales), Acorus americanus (sister to all other monocots), the grasses, and Arabidopsis. Although ESTs in A. officinalis and Acorus had a higher average GC content than Arabidopsis, Lycoris, and onion, all were clearly lower than the grasses. The Asparagaceae have the smallest nuclear genomes among all plants in the core Asparagales, which typically have huge genomes. Within the Asparagaceae, European Asparagus species have approximately twice the nuclear DNA of that of southern African Asparagus species. We cloned and sequenced 20 genomic amplicons from European A. officinalis and the southern African species Asparagus plumosus and observed no clear evidence for a recent genome doubling in A. officinalis relative to A. plumosus. These results indicate that members of the genus Asparagus with smaller genomes may be useful genomic models for plants in the core Asparagales.
Introduction
The genus Asparagus contains a diversity of species spread throughout Europe, Asia, and Africa (Clifford and Conran 1987) , of which garden asparagus (Asparagus officinalis L.) is the most economically important. The genus Asparagus belongs to the family Asparagaceae of the monocot order Asparagales. The Asparagaceae, Agavaceae (agave and yucca), Amaryllidaceae (amaryllis and narcissus), and Alliaceae (garlic, leek, and onion) are all members of the core Asparagales, a well supported clade within the Asparagales (Chase et al. 1995 (Chase et al. , 1996 (Chase et al. , 2000 (Chase et al. , 2005 . The order Asparagales is sister to the commelinid clade (Chase et al. 2000; Fay et al. 2000) , a monophyletic group that includes the orders Poales (grasses and relatives), Zingerberales (includes banana), Commelinales, and Arecales (palms). Kuhl et al. (2004) observed important genomic differences between these 2 groups of monocots; for example, the GC (guanine plus cytosine) content of coding regions in onion (Allium cepa L.) were much lower than that in the grasses and more similar to that in the eudicots than in the grasses.
Plants in the order Asparagales have some of the largest nuclear genomes among all plants (Leitch et al. 2005) . For example, agave, garlic, and onion are diploid plants with nuclear genomes approximately 2.4, 5.9, and 6.1 times larger than maize, respectively (Bennett and Leitch 2003) . Asparagus species have the smallest nuclear genomes known among all members of the core Asparagales. Diploid (2n = 2x = 20) European Asparagus species possess approximately twice the nuclear DNA of diploid southern African species (Stajner et al. 2002) ; for example, Asparagus officinalis L. has 1308 Mbp (Arumuganathan and Earle 1991) and asparagus fern (Asparagus plumosus Baker) has 695 Mbp of DNA per 1 C (Stajner et al. 2002) . One explanation for an increased genome size with the same chromosome number is polyploidization followed by genomic rearrangement and diploidization, such as that proposed for the maize genome since divergence from a common ancestor with sorghum (Gaut et al. 2000) . Another possibility is genome expansion through the proliferation of transposable and repetitive elements, resulting in greater nuclear-DNA content. In this study, we undertook sequence analyses of expressed regions in the A. officinalis nuclear genome, compared GC content with other important plants in the eudicots and monocots, and assessed whether a recent genome doubling occurred in A. officinalis relative to the southern African A. plumosus.
Materials and methods

Expressed sequence tags (ESTs) of A. officinalis
Premeiotic male flower buds were collected from 1 plant (MSU-A19) of A. officinalis. Messenger RNA was isolated and directionally cloned using the Stratagene (La Jolla, Calif.) Zap cDNA synthesis kit (http://fgp.bio.psu.edu/). Bacterial colonies carrying recombinant plasmids were randomly picked and subjected to single-pass sequencing from the 5′ end (Kuhl et al. 2004 ) to generate 5225 ESTs of A. officinalis (GenBank accession Nos. CV287445-CV292632). Sequence assemblies were used to identify single ESTs (singletons) and tentative consensus (TC) groups, which are ESTs assembled into virtual transcripts and represented by a consensus sequence (Pertea et al. 2003) . Unique A. officinalis sequences were compared with The Institute of Genomic Research (TIGR) gene indices of Arabidopsis (release 11.0), maize (release 14.0), onion (release 1.0), and rice (release 15.0), and to ESTs from the sister monocot Acorus americanus (Acoraceae, order Acorales) and Lycoris longituba (Amaryllidaceae, order Asparagales) downloaded on September 8, 2004, from GenBank (www.ncbi.nlm.nih. gov) . The 5′ ATG codons were aligned as described in Kuhl et al. (2004) and were used to generate 2 novel independent datasets, one with 60 sequences for A. officinalis, onion, and rice, and the other with 76 sequences for A. officinalis, onion, and Arabidopsis.
Cloning and sequence analyses of Asparagus genomic regions
Following the procedures of Kuhl et al. (2004) , 51 A. officinalis ESTs that were highly similar (>75% identity over >70% of the length of the asparagus TC-singleton) to single-copy sequences randomly distributed in the rice genome were identified. An additional 14 A. officinalis ESTs that were strongly similar (BLASTX scores <1.0E-20) to a single orthologous pair of rice and Arabidopsis genes defined in cluster analysis of the 2 proteomes (http://fgp.bio.psu.edu/ PlantTribes) were also identified. These 65 A. officinalis ESTs were compared with TIGR onion gene index (release 1.0) using BLASTN to identify highly similar (<1.0E-10) onion sequences. Sixty-five nested primer sets were designed according to Kuhl et al. (2004) from these sequences, 51 and 14 based on onion and asparagus sequences, respectively.
DNA was purified from single plants of A. officinalis MSU-A19 and A. plumosus, as described by Kuhl et al. (2001) . DNA of the A. officinalis doubled haploid line G769 was a gift from Dr. David Wolyn (University of Guelph, Guelph, Ont.). G769 was selected from microspore regenerated plants of G133, a single male plant selected from the cultivar 'Jersey Giant'. The 65 primer sets were screened using Taq polymerase (Promega, Madison, Wis.) and DNA of A19 and G769, from which 30 and 31 genomic amplicons were cloned, respectively. For 29 of these amplicons, at least 4 TA clones from A19 and G769 were sequenced, revealing, respectively, 25 and 24 that were highly similar to the original asparagus or onion EST. The 14 amplicons with the best alignments (no relation to the above-mentioned 14 primers) were then amplified from the G769 asparagus line and the single A. plumosus plant (Table 1 ). An additional 6 regions (ACADQ29, ACADZ08, TC2026, TC2545, TC3239, TC3464) were added using primers described by Kuhl et al. (2004) , yielding a total of 20 genomic regions. PCR conditions were optimized for the 20 primer sets to produce single amplicons from G769 and A. plumosus using Platinum Taq DNA Polymerase High Fidelity (Invitrogen, Carlsbad, Calif.), which were then excised from agarose gels, purified (QIAEX II Extraction Kit; Qiagen, Valencia, Calif.), TA cloned using the pGEM-T Easy vector (Promega, Madison, Wis.), and sequenced (GenBank acc. Nos. CL791790-CL792273). Genomic amplicons were also produced from A19 for regions showing putative duplications in G769 (AD35X, AH08X, and TC3239N), and the sequences were included in alignments and tree analyses.
Sequences were trimmed and aligned according to Kuhl et al. (2004) , including rice sequences for 16 of the 20 regions (all except AJ36X, AR92X, ACADZ08X, and TC3464X). Translated nucleotide alignments were completed for 15 of the 20 amplicons (http://genome.cs.mtu.edu/align/align.html), and were used to calculate GC content at each codon position. Kimura 2-parameter genetic distances and neighbor- joining (NJ) trees were generated for each set of homologous sequences using MEGA version 2.1 (Kumar et al. 2001) . Sequence variants were identified from the trees as clusters of 2 or more clones, requiring that polymorphisms were present in at least 2 independently amplified fragments to avoid scoring PCR or sequencing errors as polymorphisms. Maximum parsimony (MP) trees were generated using PAUP* v4.0b10 (Swofford 2003) . Bootstrap support was calculated for MP and NJ trees based on 500 pseudoreplicates of the original data matrices. The timings of duplication events relative to the divergence from the most recent common ancestor of A. officinalis and A. plumosus were inferred from the trees.
Results
Characteristics of the A. officinalis ESTs A total of 5225 sequencing reactions were completed on random A. officinalis cDNAs to produce the first EST data set of 3374 unique sequences for asparagus. Sequence assembly identified 731 tentative consensus (TC) sequences and 2643 singletons, yielding a total of 3374 unique sequences. TBLASTX comparisons of these asparagus ESTs to the onion gene index at TIGR identified 1725 unique onion sequences with significant (<1.0E-10) similarities, accounting for 3461 (66%) of the A. officinalis ESTs. The most common asparagus ESTs with hits to onion showed significant similarities to alpha-tubulin, polyubiquitin, and the histone H3.
The mean GC composition of the A. officinalis ESTs was slightly higher than that of the other members of the core Asparagales with large EST sets (Lycoris and onion) and that of the inferred Arabidopsis proteome, but lower than those of Acorus, maize, and rice ( Table 2 ). The modal GC content among the A. officinalis ESTs was higher than that of Arabidopsis, Lycoris, and onion (Kuhl et al. 2004 ), but the GC composition distribution was clearly different from the asymmetrical distribution of the grasses (Fig. 1) . Compared with A. officinalis and onion, Lycoris had a lower and broader distribution. Mean GC content of Acorus ESTs was midway between the core Asparagales (A. officinalis, Lycoris, and onion) and grasses (rice and maize) (Fig. 1 , Table 2).
Asparagus officinalis and onion ESTs were used to identify sets of 60 and 76 highly similar sequences from rice and Arabidopsis, respectively. These unique sequences were compared with the TIGR protein database to identify the likely ATG initiation codon to calculate the GC content at the 1st, 2nd, and 3rd codon positions. Asparagus officinalis ESTs had a slightly higher GC content than onion and Arabidopsis, with the increase primarily at the 3rd codon. The GC content of A. officinalis and onion ESTs were similar at the first codon position and lower than rice (Table 3) . Sliding window analyses across reading frames for these EST datasets revealed that variation in GC content of A. officinalis was more similar to that of onion than that of rice (Fig. 2) .
Sequence analyses of genomic amplicons from Asparagus
GC compositions of 15 genomic amplicons from A. officinalis and A. plumosus were nearly identical for exons (46.2 and 45.7, respectively) and introns (32.9 and 32.8, respectively). The average length of 9 introns in A. officinalis and A. plumosus was 97.6 ±35.2 and 97.0 ±35.5 bp, respectively. On average, amplicons from A. officinalis and A. plumosus were over 96% similar across the entire sequence, with 78% of changes synonymous, and introns were 3 times more variable than exons.
We analyzed sequence variation among amplicons from the A. officinalis doubled haploid G769 and A. plumosus to reveal putative duplication events (Table 4 ). Since all loci should be homozygous in the doubled haploid G769, we interpreted polymorphic amplicons as arising from duplicated regions of the asparagus genome. We isolated DNA from a single plant of diploid (2n = 2x = 20) A. plumosus and scored the presence of 3 or more polymorphic amplicons as duplicated, because each locus would have a maximum of 2 alleles. For both G769 and A. plumosus, we required at least 2 independently amplified and sequenced clones to possess the polymorphisms (Fig. 3) . Out of 20 sets of highly similar amplicons from G769 and A. plumosus, 2 were scored as duplicated in the double haploid G769 and A. plumosus (AH08X and AD35X), 3 were scored as duplicated in the double haploid G769 (BO23N, TC2545N, and TC3239N), 1 was scored as duplicated in A. plumosus (BA74X), and 14 were classified as single copy in both G769 and A. plumosus (Table 4 ). The rooting of trees with rice sequences indicated that the duplication of B023N likely occurred before the split of A. officinalis and A. plumosus, and 1 duplicate may have been lost in A. plumosus (Fig. 4A ). For TC3239N, polymorphic amplicons from G769 clustered with amplicons from A. officinalis A19, suggesting 2 duplication events: one occurring before A. officinalis split from A. plumosus and another more recent duplication after the species split (Fig. 4B ). AD35X and BA74X each produced 2 polymorphic amplicons from A. plumosus that clustered together with duplicated amplicons from G769, suggesting that the duplication occurred before the split of A. officinalis and A. plumosus (Fig. not shown) . The duplication of BA74X in A. plumosus occurred before the split of A. officinalis and A. plumosus; however, A. officinalis may have lost 1 duplicated copy, similar to B023N (Fig. 4A) . Primer set AH08X produced polymorphic amplicons from G769 that clustered with amplicons from A. officinalis A19, suggesting a single duplication event before these species split. These analyses supported genome duplication(s) in Asparagus prior to the split of A. officinalis from A. plumosus and revealed no clear evidence for a relatively recent whole-genome duplication in the European A. officinalis relative to the southern African A. plumosus.
Discussion
GC composition of A. officinalis
Analyses of A. officinalis ESTs revealed that the GC content and distribution of expressed regions were higher than those of Arabidopsis, Lycoris, and onion (all members of the core Asparagales), but lower than those the grasses ( Fig. 1 and Table 2 ). The grasses have high mean GC content and asymmetrical distributions, while the eudicots have lower mean GC content and symmetrical distributions (Carels et al. 1998; Wong et al. 2002; Zhang et al. 2001 ). Our analyses demonstrate that plants in the core Asparagales and Acorus show a range of GC compositions, but their GC contents are clearly more similar to onion and Arabidopsis than to maize and rice (Fig. 1) . GC compositional differences between A. officinalis versus Lycoris and onion were primarily due to variation at the 3rd codon position (Table 3) , as reported for the grasses relative to eudicots (Carels et al. 1998) . The GC compositional shifts observed among the monocots are similar to those identified among vertebrates (Bernardi 2000) . Significant differences in GC composition potentially affect comparative genomic analyses, including phylogenetic estimates (Mooers and Holmes 2000) , gene prediction , estimation of CpG island formation and concentration (Bernardi 2000) , and codon (Campbell and Gowri 1990; Knight et al. 2001 ) and amino-acid usages (Sueoka 1961; Knight et al. 2001 ).
Duplication of genomic regions from A. officinalis and A. plumosus
Diploid European Asparagus species have approximately twice the genome size of South-African species, even though they share the same chromosome number (2n = 2x = 20). The maize genome is approximately 3-4 times larger than that of sorghum (Laurie and Bennett 1985) , and both plants have the same chromosome number (2n = 2x = 20). Evidence suggests that maize underwent an allotetraploid event sometime after divergence from sorghum, followed by genomic rearrangements that returned the chromosome number to 20 Doebley 1997, Swigonova et al. 2004) . A salient question is whether A. officinalis, like maize, experienced a whole-genome doubling relative to South-African species, followed by a reduction in chromosome number. Analysis of single-copy regions in rice revealed that >72% were duplicated in maize (Ahn and Tanksley 1993) . We compared highly similar genomic amplicons from European A. officinalis and South-African A. plumosus, all of which are single-copy expressed sequences in rice, and revealed little evidence for a recent whole-genome doubling in A. officinalis relative to A. plumosus. One previous report of a gene duplication in A. officinalis placed it prior to the monocot-eudicot split (Pavesi et al. 2000) . Although 5 (AD35X, AH08X, B023N, TC2545N, and TC3239N) out of 20 amplicons were duplicated in the asparagus doubled haploid, 4 of these duplications (AD35X, AH08X, B023N, and TC3239N) likely occurred before the divergence of the European and South-African Asparagus lineages. Two (TC2545N and TC3239N) regions were likely duplicated after the divergence of the European and South-African Asparagus lineages. Therefore, we found no evidence to support the hypothesis that the increase in nuclear genome size in A. officinalis relative to A. plumosus was due to a recent whole-genome duplication. Gene trees (Fig. 4) and relatively low level of sequence divergence revealed by our study supports duplication events occurring after the commelinidAsparagales split. Divergence of maize progenitor species Ap  8  1  1  569  0  11  BA74X  G769  8  1  1  234  0  BA74X  Ap  12  3  2  234  0  12  TC178X  G769  8  1  1  736  0  TC178X  Ap  7  1  1  736  0  13  TC463X  G769  6  1  1  626  3  TC463X  Ap  6  1  1  631  3  14  TC633N  G769  16  1  1  350  0  TC633N  Ap  11  1  1  350  0  15§   ACADQ29N  G769  8  1  1  225  1  ACADQ29N  Ap  8  2  1  215  1  16§   ACADZ08X  G769  8  1  1  711  3  ACADZ08X  Ap  7  1  1  699  3  17§   TC2026N  G769  13  1  1  461  0  TC2026N  Ap  7  1  1  461  0  18§   TC2545N  G769  16  2  2  483  2  TC2545N  Ap  8  2  1  485  2  19§   TC3239N  G769  16  2  3‡   495  2  TC3239N  Ap  23  1  1  493  2  TC3239N  A19  12  3  2  310  1  20§   TC3464X  G769  7  1  1  539  2  TC3464X  Ap  8  2  1 African lineage may have experienced a reduction in genome size. Leitch et al. (2005) observed that all families in the core Asparagales have relatively large genomes, with the exception of the Asparagaceae. If the progenitors of the core Asparagales had relatively small genomes, genome expansion in the Asparagales has occurred independently in multiple lineages. Another explanation is that the ancestors of the core Asparagales had relatively large genomes and that plants in the Asparagaceae evolved significantly smaller genomes.
Asparagus as a small-genome model for the core Asparagales Our analyses of expressed and genomic sequences demonstrate that plants in the Asparagales possess important genomic differences from Poales (Kuhl et al. 2004 , Fig. 1 , Tables 2  and 3 ). These differences accumulated over at least 122 million years since the Asparagales and commelinids split (Bremer 2000; Janssen and Bremer 2004) , and indicate that genomic resources developed for the grasses may not be applicable to species in the Asparagales, the largest and second most economically important monocot order. Plants in the Asparagaceae have some of the smallest nuclear genomes among all members in the core Asparagales and we found little evidence that the European Asparagus species have undergone recent polyploidization. Therefore, the smaller genomes of Asparagus species may be useful genomic models for plants in the core Asparagales with enormous nuclear genomes, such as those in the Agavaceae and Alliaceae. If a clear relationship existed between physically linked genomic regions in the Asparagaceae and genetic or physical linkages in the much larger nuclear genomes of the Alliaceae or Agavaceae, it would aid in the identification of candidate genes and map-based cloning of target genes from these economically important plants.
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